Abstract. In neurosurgery, localisation of deep brain structures is a crucial issue, which can be assisted by a 3-dimensional brain atlases. Our goal is to build such an atlas by fusing histological data with a 3D MR image of the same subject. This requires two steps: first a 2D realignment of the histological sections in order to obtain a three-dimensional block, then a 3D registration between this reconstructed block and the MR image. Both steps are based on the same robust registration algorithm.
Introduction
Accurate localisation of brain structures is a crucial issue for neuro-scientists. Recently, a new surgical treatment of Parkinson's disease consisting of deep brain stimulation (DBS) has been developed. In the first attempts, the target was in the thalamus [2] , then moved to the internal globus pallidus, and finally to the subthalamic nucleus [5] . In this procedure, the surgical success depends primarily on the localisation of the target. Up to now, the target has been localised using ventriculographic landmarks [1] or MR images [3] in stereotactic conditions, and a statistical estimation based on an anatomical atlas, usually the Schaltenbrand and Wahren [13] or Talairach and Tournoux atlases [15] .
However, for such a purpose, information provided by such atlases present several drawbacks: 3-dimensional alignment of contiguous sections has not been verified; the atlas resolution (from 1 to 4 mm in Z direction) is not sufficient for a precise localisation (e.g. the sub-thalamic nucleus is viewed in very few slices of the Schaltenbrand atlas); cerebral contours are not in a form suitable for automatic registration with digital MR images of individual patients.
Using interpolation, it is possible to generate an isotropic (with a constant inter-slice distance of 0.5 mm) Schaltenbrand atlas [18] . This improves the consistency of the atlas for visualisation and manipulation purposes, but not from an anatomical point of view as the necessary information is still missing. Moreover, interpolation is sensitive to wrong alignment between the original sections.
Therefore, to determine with accuracy the DBS target localisation, the key issue appears to be the construction of a 3D atlas of the human basal ganglia, designed for further propagation onto the MR acquisition of a given patient, to allow a precise surgery planning.
We present here the first steps of the construction of an atlas of the human basal ganglia designed for our purpose, built by fusing a post mortem MR T1-weighted 3D image with a series of 2D histological sections. Superimposition onto the MR acquisition of a given patient could then be achieved by elastic matching (e.g. [?] ). Data acquisition is detailed in section 2. Fusion methods and results are given in section 3.
Data Acquisition and Preprocessing

MR Images
The MR study was conducted 36 hours after death, before extraction of the brain. It consisted of a T1-weighted acquisition in the axial plane (256 x 256 x 124, 0.9375 x 0.9375 x 1.3 mm 3 ). A T2-weighted image in the coronal plane is acquired too, but was not used in this study.
Histological Sections
After MR acquisition, the brain was processed for histology.
-The brain was stored in 4% paraformaldehyde for 8 days and in phosphate buffer with sucrose for 7 days. In this process, the brain, and especially the ventricles, were submitted to a global compression. -One hemisphere was sectioned into 4 blocks (1.5 cm thick) in order to favour a better fixation, and stored frozen at −40 o C, which causes a global shrinkage. -The blocks were cut into 70 µm thick sections which were collected serially.
Sectioning was done on a Tetrander Jung freezing microtome.
During the two first steps of the procedure, global distortions of the histological block with respect to the ground truth occur, and the ventricles almost collapse, while the third step caused slight uncorrelated local non-linear distortions on each section. Sections were treated according to different immunohistochemical procedures. One out of ten sections (thus every 700 µm) was stained using the Nissl technique ( Figure 1 ) to reveal cytoarchitectonic contours of cerebral regions. Another series was processed using Calbindin immunoreactivity. After staining, histological sections were scanned. Manipulations of the section during this last part of the procedure may also cause uncorrelated non-linear distortions on each section.
We segmented for each section the foreground from the background, using a threshold computed on each slice's histogram. In the course of the staining process, intensity differences occurred among histological sections. To correct this, we normalise all intensity histograms by centering the principal peak (representing the principal organic tissue) of each section. 
Fusion of Histology and MR Images
Among the available data (MR T1, MR T2, Nissl and Calbindin), we choose to fuse the T1-weighted MR image with the Nissl histological series because of three reasons: the T1-weighted MR image is less distorted than the MR T2; the Nissl dataset is more similar to the MR T1; Calbindin staining, which needs more intermediate steps than Nissl, produces more distortions.
We choose a twofold approach: 1) construction of a 3D histological block, by 2D realignment of the histological sections; 2) 3D registration of this block with the MR image. Both steps are conducted with the same registration algorithm, which will be presented after a short review of the literature.
Fusion of Histology and MR Images in the Literature
Image registration is often a key step for biomedical imaging applications. In brain mapping [17] , the quality of the atlas construction depends of the quality of the image registration, and in our case the quality of the histology-MR registration. Up to now, only a reduced number of papers have been published on this particular registration problem.
Most of the approaches proposed so far are based on surface matching, i.e. registration of the same anatomical surfaces extracted from both data sets.
In [7] , for an Alzheimer's disease study, a 3D elastic warping algorithm is used to deform the contours of the stained sections to the rigid shape imaged in the cryomacrotome. Then, the digital cryovolume is registered to a pre-mortem [ 18 F]fluorodeoxyglucose (FDG) PET using a rigid intensity-based registration algorithm. This way, the authors obtain a 3D correspondence between the stained sections and the FDG-PET. More recently, Jacobs et al [4] proposed a methodology for a 2D warping of MRI with rat's brain histological sections. The authors use a surface matching technique for the rigid registration. With the resulting contours, the 2D warping procedure is done using thin-plate splines.
In these first two studies, the authors used the external contours of the brain (cortical surface, ventricles, ...), visible on all the modalities (cryomacro-tome-stained sections [7] , MRI-brain sections [4] ) to register the histological sections together and with the 3D image.
In another approach, Schormann et al [14] proposed a method based on correlated landmarks. In this article, the authors assume that the histological sections are already aligned. For the histology/MR registration, the user defines interactively a set of reference points in the MR (a sub-volume is defined around these points) and the algorithm finds correspondences using the correlation coefficient criterion. This particular similarity criterion implicitly assumes that there exists a affine relationship between the intensities in sub-volumes to be registered [?] . Only small rotations are handled for computational efficiency.
In our application, it was not possible to use contours to register histological sections with the MR. Indeed, the basal ganglia, which are the structures of interest, can hardly be distinguished in the MR. Other structures do not provide enough contours. On the other hand, there is a fairly good functional relationship between the intensities of the MR T1 and the Nissl stained sections. These reasons make us prefer an intensity-based registration method.
We present in section 3.2 a local intensity-based algorithm, which will be used to perform both the reconstruction of the 3D block from histological sections (section 3.3) and the registration of the MR image with the reconstructed block (section 3.4).
Registration: An Intensity-Based Robust Algorithm
The method is based on a block-matching strategy. First, for each block in the first image, we compute its best corresponding block in the second image, by minimising a local similarity criterion. This criterion can be chosen with respect to the assumed relationship between both images' intensities [?] . Processing all blocks yield a set of correspondences, with which a global parametric transformation (e.g. rigid or affine) can then be estimated with a least trimmed squares (LTS) minimisation, which is more robust with respect to outliers than the classical least squares. These two steps are iterated and integrated into a multi-scale scheme.
Within this approach, two choices have to be made: the similarity measure and the class of transformations. We justify our choices for each registration case in sections 3.3 and 3.4.
Reconstruction of a 3D Block from the Histological Sections
This first registration step consists in reconstructing a 3D histological block from a set of 2D histological sections.
Usually, this step is presented as a trivial preprocessing task (see section 3.1). The main difficulty arises from the fact that two consecutive slices represent two different anatomical sections. Thus, two kinds of shape difference may appear: the first one is related to anatomical changes from section to section, while the second one is due to local distortions induced by the sectioning process. Thanks to its robustness, our algorithm will exploit only the coherent correspondences, due to local similarities, to find the best transformation, and reject the ones due to large changes or local distortions.
For the 3D alignment of consecutive 2D slices, such as histological sections, we use a 2D version [9] of the block matching algorithm presented in section 3.2. By computing a transformation between each two consecutive sections, we can collect all of them in a single 3D block. Our particular choices for these registrations are the correlation coefficient as similarity measure, and 2D rigid transformations as global parametric transformation.
The correlation coefficient assumes that there exists a affine relationship between the intensities of corresponding blocks of two successive sections. This choice seems to be reasonable for histological data (see Figure 1) .
There is a gap of 700 µm between two consecutive histological sections: assuming that anatomy from one slice to the next differs only slightly seems to be reasonable, yielding to the choice of rigid transformations.
Elastic transformations (e.g. affine) may correct some of the observed morphological changes from section to section. However, as we can not distinguish between anatomical changes and local distortions to the histological process, searching such transformations may introduce false deformations and can therefore compromise the next step of the data fusion.
Results
In Figure 2 , we present the reconstructed 3D block obtained from the histological sections. First, we simply show the stack obtained by putting each digitised original Nissl section on top of the previous one. Then, we see the same block after alignment. Precisely, starting from the slice in the middle of the original stack, we computed rigid transforms from this slice to the next ones, and then, by combining the resulting slice-to-slice transforms, we obtained the reconstructed block. As can be seen, the continuity of both sulci and structures of the basal ganglia has been improved, compared to the original stack. Nevertheless, one can also observe intensity variations between slices, especially on the sagittal and axial views. This is the reason why an intensity normalisation is needed, and it yields the third block, where both misalignments and intensity variations have been corrected. This block is going to be used for the registration of MR and histology images.
Registration of the Reconstructed Histological Block with the MR Images
Once the 3D histological block has been reconstructed, we have to register it with the 3D MR image, which will be done with a 3D version [?] of the block matching algorithm presented in section 3.2.
As the MR T1 acquisition is larger and presents less distortions than the histological 3D image, we will compute a transformation from the block towards the MR image, which we consider as a reliable anatomical reference.
As previously explained, the choice of the similarity measure depends on the expected relationship between the intensities of the images to be registered [?] . In the case of histology and MR images, a reasonable assumption is a functional relationship, and thus we choose the correlation ratio.
Concerning the choice of the transformation to be looking for, we choose affine transformations. Indeed, the histological procedure (section 2.2) has caused global shape changes, that may be captured by such transformations. Unfortunately, the additional uncorrelated in-slice distortions can not be modelized by a 3D transformation, and thus can not be corrected at this point. Nevertheless, we have to point out that the robustness of the estimation procedure allows us to treat them as outliers: thus they will not perturb the estimation of the 3D transformation.
To avoid some local minima during estimation, we perform a hierarchical global registration: we first compute a 3D rigid transformation; after convergence, we use it as initialisation for the estimation of the 3D affine registration.
Results
We present in Figure 3 results of the affine registration between the reconstructed block obtained in the previous section and the MR T1-weighted image. The registered images have been superimposed and are shown with increasing opacity factors. Each row corresponds to different cuts through the volumes, and shows three slices (sagittal, coronal and axial).
First, the overall impression is that the affine registration provides a fairly good solution. Correspondence of the sulci and the cortex is consistent, see first row (axial and coronal slices), and third row (sagittal slice). Correspondence of the caudate nucleus and putamen is also consistent, see first row (axial slice), and third row (axial and coronal slices). The first (coronal slice) and the second (sagittal slice) rows illustrate that histology / MR registration allows to localise areas that were almost undetectable directly on the MR image. Finally, a ventricle collapse occurred during histology, which caused local non-linear distortions. Here again, the affine registration provided a consistent solution, see first (sagittal and coronal slices), second (axial slice) and third (sagittal and coronal slices) rows. Indeed, only the corpus callosum is misregistered (it lies in the ventricle in the MR image). This shows that the slight non-linear distortions were considered as outliers and rejected during the affine transformation computation.
Conclusion and Future Work
In this article, we have presented a methodology to fuse 2D histological sections and a 3D MR image. This represents the first step towards the construction of an atlas of the basal ganglia which will be used to determine the target for DBS of parkinsonian patients with higher accuracy. Our method, using an intensitybased robust registration algorithm, allowed us to get, after a first realignment step, an affine correspondence between the histological block and the MR T1-weighted image. The results looked fairly good. Subsequent steps will include the fusion of anatomical contours and the treatment of local non linear distortions by using elastic registration algorithms.
